Objective-USF1 regulates the transcription of more than 40 cardiovascular related genes and is well established as a gene associated with familial combined hyperlipidemia, a condition increasing the risk for coronary heart disease. No detailed data, however, exists on the impact of this gene to the critical outcome at the tissue level: different types of atherosclerotic lesions. Methods and Results-We analyzed the USF1 in 2 autopsy series of altogether 700 middle-aged men (the Helsinki Sudden
I n addition to established risk factors such as elevated total cholesterol levels, hypertension, smoking, and obesity, the progression of coronary heart disease (CHD) is modified by a still unknown composition of risk alleles of genes interacting with lifestyle risks. We initially identified USF1 as the first major gene associating with familial combined hyperlipidemia (FCHL), 1 a phenotype characterized by elevated levels of serum total cholesterol, or triglycerides, or both. Later, several other studies also implied an association between the USF1 gene and severe common aberrations in lipid and glucose metabolism. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] A feature common to these aberrations is their contribution to the risk for premature CHD and myocardial infarction (MI). We have recently shown that allelic variants of the upstream transcription factor 1 (USF1) gene affect the prospective risk for cardiovascular disease (CVD) in two large population-based studies. 13 Thus the USF1 gene is a promising candidate to contribute to the complex genetic background of CHD. The gene is biologically highly relevant, it encodes a ubiquitously expressed transcriptional regulator of several genes that are functionally important for the lipid accumulation, inflammation, and thrombotic complications of the coronary plaque. 14 -17 However, limited data so far exists on the association of the USF1 gene and the critical biological outcome: the extent and severity of coronary atherosclerosis. To study whether allelic variants of the USF1 relate to the progression of coronary atherosclerosis, we used an autopsy series of middle-aged Finnish men with detailed quantitative measurements of various types of atherosclerotic lesions in coronary arteries. Our data suggests that specific USF1 alleles contribute to coronary atherosclerosis.
Methods

The Prospective Autopsy Series of Middle-Aged Men
The Helsinki Sudden Death Study (HSDS) comprised 2 prospective series of altogether 700 men, aged 33 to 70 (mean age 53; Table 1) , who underwent a medicolegal autopsy. 18, 19 The 2 series were collected at 10-year intervals; the first series (nϭ400) during 1981 to 1982 and the second series (nϭ300) during 1991 to 1992.
Protocols of 2 international studies were used to define atherosclerosis. 20, 21 The areas of different types of lesions were expressed in percentages by dividing the lesion area by the total area of the artery sample and multiplying it by 100%.
USF1 Polymorphisms
To comprehensively analyze the allelic diversity of the USF1 gene locus, htSNPs rs10908821, rs2774276, rs2073658, rs2516839, rs1556259, and rs2774279 ( Figure 1 ) were first genotyped in the 1991 to 1992 autopsy series. SNPs rs2073658, rs2516839, and rs2774279 capturing the 2 most common haplotypes of USF1 ( Figure 1 ) were genotyped in the older 1981 to 1982 series.
Statistical Analysis
The linkage disequilibrium analysis and estimation of haplotype frequencies were performed for the HSDS 1991 to 1992 series with the publicly available Haploview software version 3.2. 22 The distributions of the continuous atherosclerosis variables were highly skewed (Table 1) . We therefore modeled the risk of athero-sclerosis with age, BMI, and series-adjusted ordinal regression model (cumulative logit model) where quartiles of the atherosclerotic variable were the ordinal outcome (supplemental Table I , available online at http://atvb.ahajournals.org).
For further details, please see supplemental materials, available online at http://atvb.ahajournals.org.
Results
The cause of death for one third of the study subjects was sudden cardiac death (SCD) attributable to coronary heart disease (CHD) with or without myocardial infarction (MI; Table 1 ). In detailed computer-assisted morphometric measurement of different types of atherosclerotic plaques, over 90% of the study subjects had signs of early atherosclerosis and as many as 40% had areas of complicated atherosclerotic lesions in their coronary arteries ( Table 1) .
We genotyped a total of 6 SNPs covering the 5.7 kb USF1 gene and defining a total of 5 haplotypes in the Finnish population because of the high extent of linkage disequilibrium between the SNPs in this population ( Figure 1 ). These haplotype-tagging SNPs facilitated the monitoring of most of the allelic diversity of USF1 in Finns.
Association of USF1 Variants With Atherosclerosis
Coronary and Aortic Atherosclerosis
In both autopsy series, collected with a 10-year interval, a significant risk effect of the T-allele of SNP rs2516839 was observed in ordinal regression analysis: Carriers of 2 risk alleles were 2.4 times as likely to have more severely calcified coronary arteries in the 1981 to 1982 series (OR 2.39, 95% CI 1.30 to 4.40) and 3.2 times as likely in the 1991 to 1992 series (OR 3.20, 95% CI 1.68 to 6.09) than noncarriers ( Figure 2 ). Although the risk effect of rs2516839 was in general more evident in the later autopsy series (1991 to 1992), in both series the carriers of the risk allele (T) had greater odds of having larger advanced atherosclerotic lesion areas as the noncarriers both in their coronary arteries and in abdominal aorta.
In the combined data set of the 2 autopsy series, with increased power to detect significant risk effects of the USF1 alleles, we observed htSNP rs2516839 to significantly associate with areas of several types of advanced atherosclerotic Ͼ50% coronary narrowing in more than one coronary artery 120 (30) 38 (17) *Number of study subjects with this characteristic/number of study subjects with interview data on this risk factor available. Table 2) . T-allele of the SNP correlated with a higher probability of more severe atherosclerosis. Conversely, carrying 2 C-alleles of this SNP seemed to protect from advanced atherosclerotic lesions. Although this protective effect was statistically significant in ordinal regression analysis for several atherosclerotic lesion types in the coronary arteries, and for the area of advanced (characterized by fibrous or complicated area) and calcified atherosclerotic lesions both in coronary arteries and abdominal aorta, the trend of this protective effect was detectable for all the lesion types studied (excluding coronary fatty streaks; Table 2 ). Further, although SNPs rs2073658 and rs2774279 both showed association with calcification of the coronary arteries, their risk effects were nonsignificant at the presence of the risk effect of rs2516839 (supplemental Table II ).
lesions (
Carriers of the risk allele (T) of rs2516839, the SNP associated with coronary and aortic atherosclerosis, also had a suggestive increased risk for having Ͼ50% coronary narrowing in more than one coronary artery (for details please see supplemental materials).
This risk-associated T allele of the SNP does not tag a single haplotype of USF1, but is present in the 2 most common (61%) haplotypes of USF1 (CTCTAG and CCCTAA, Figure 1 ). In our study sample, CTCTAG associated with the proportion of advanced lesion area out of the total lesion area and CCCTAA associated with the extent of coronary calcification. These associations were, however, weaker than those obtained from analysis of rs2516839 genotypes (for details please see supplemental materials).
USF1 Variants and Sudden Cardiac Death
In the combined data set the carriers of the rs2516839 risk (TT) genotype had a 2-fold risk for SCD when compared to that of the carriers of the protective genotype (TT versus CC; OR 2.10, 95% CI 1.17 to 3.75, Pϭ0.01, P adjusted for multiple comparisonsϭ0.04, and CT versus CC; OR 1.92, 95% CI 1.09 to 3.39, Pϭ0.02, P adjusted for multiple comparisonsϭ0.10). In the 1991 to 1992 series, increased risk for SCD was associated with the rs2516839 risk allele (T) containing genotypes (TT versus CC; OR 2.95, 95% CI 1.11 to 7.85, Pϭ0.03, P adjusted for multiple comparisonsϭ0.12, and CT versus CC; OR 2.94, 95% CI 1.12 to 7.72, Pϭ0.03, P adjusted for multiple comparisonsϭ0.25). The risk effect of SNP rs2516839 on SCD in the older 1981 to 1982 series failed to reach statistical significance, although we observed an OR suggesting a trend for risk (OR 1.71, 95% CI 0.82 to 3.58, Pϭ0.15). In the older 1981 to 1982 series increased risk for SCD was, however, attributed to the closely linked AA-genotype of rs2774279 (OR 2.39, 95% CI 1.09 to 5.24, Pϭ0.03, P adjusted for multiple comparisonsϭ0.45, when compared to that of the GG genotype). We further tested whether the association of rs2516839 with SCD was independent of its association with coronary calcification. Fitting the calcification covariate in the model reduced the risk associated with rs2516839 from odds ratio 2.10 to 1.59 (genotype TT versus CC). Fitting other lesions types, however, led to more modest reduction in the risk associated with rs2516839 (supplemental Table III and supplemental results). These result suggested that part of the increased SCD risk associated with rs2516839 was attributable to the contribution of rs2516839 to the development of severe coronary artery disease characterized by coronary calcification.
Discussion
Here we have studied the impact of allelic variants of USF1 gene on the biological outcome of disturbed lipid metabolism and vessel wall endothelial function; the atherosclerosis of coronary arteries. We observed an association of USF1 variants with coronary narrowing and several atherosclerotic lesion phenotypes, measured with computer-assisted planimetry, both in coronary arteries as well as in abdominal aorta. The risk effect of USF1 was evident in two distinct autopsy series, and we observed consistent and significant associations in the data after adjusting for multiple comparisons.
The risk effect of USF1 was more evident in the later autopsy series (1991 to 1992). There the proportion of study subjects affected with advanced atherosclerotic lesions was smaller than in the 1981 to 1982 series (Table 1) . This decrease is likely to be explained by reduced clustering of lifestyle risk factors, which can increase the environmental "noise" and complicate genetic analyses in the 1981 to 1982 series compared to the 1991 to 1992 series. Nevertheless, indication of the risk effect of USF1 was present in both series.
Importantly, the atherosclerosis-associated USF1 variant significantly increased the risk for the most severe consequence of atherosclerosis: prehospital sudden cardiac death. SCD is nowadays the most significant contributor to mortality from CHD, in particular in middle age, where up to 80% of deaths attributable to CHD belong to this category. [23] [24] [25] Previous studies have suggested a role for USF1 in the etiology of CHD; we initially identified USF1 as the first major gene associating with familial combined hyperlipidemia (FCHL) in families who were ascertained through a proband with premature CHD. Subsequently, we observed USF1 variants to contribute to the risk of incident cardiovascular disease among women. 13 Although we observed an association between USF1 variants and CHD also at our present study, our results were not directly comparable with the previous findings as our study sample consisted of men only. Interestingly, in our study, a part of the increased risk for SCD associated with USF1 was attributable to the contribution of the gene to coronary calcification. The gene, however, also seemed to have a risk effect independent from the effect of atherosclerotic lesions. In a recent population-based cohort study, Reiner and colleagues observed a USF1 variant (rs3737787, which strongly correlates with rs2073658 of our study) to associate with risk of coronary artery calcium. 12 In line with this, the amount of coronary calcification was significantly associated with variation at the USF1 locus in our study, although rs2073658 was not the most significantly associated variant. While we observed USF1 to associate also with other types of atherosclerotic lesions, all of which were significantly correlated with the amount of calcification, the association with calcification remained most substantial. Some evidence already exists on how USF1 could participate in the build up of calcified lesions in the arteries; USF1 is involved in the regulation of osteopontin expression in arterial smooth muscle cells. 26, 27 Osteopontin is an inhibitor of vascular calcification, 28 and as a transcription factor USF1 could regulate the expression of other important genes involved in similar processes as well.
Most of the studies on the USF1 gene have examined only a few allelic variants of the gene, instead of comprehensively using the genetic variation at the USF1 locus. [2] [3] [4] 8, 9, 11, 29 Here, with knowledge of the linkage disequilibrium structure at the USF1 locus in our study population, we genotyped 6 htSNPs to capture the full allelic diversity of the USF1 gene in Finns, known to show wider linkage disequilibrium intervals between the SNPs. 30 The SNP showing the strongest evidence of an association with atherosclerosis and SCD was rs2516839, tagging the 2 most common haplotypes of USF1. SNP rs2516839, located in an untranslated exon of USF1, did not consistently associate with serum triglyceride levels in Finnish familial combined hyperlipidemia families, although a suggestive association was observed in one of the analyses. 1 The common allele (T) of the SNP, the risk allele in our data, associated with higher cholesterol and triglyceride levels also in Utah families ascertained for type 2 diabetes. 7 In another study, our protective genotype (CC) of SNP rs2516839 showed suggestive association with lower risk of metabolic syndrome in Chinese hospital cases. 6 However, in a population based data set from the Finns the C-allele of rs2516839 was associated with higher lipid values among study subjects with CVD. 13 Unfortunately, we do not have data on the cholesterol levels of our study sample and thus could not directly relate atherosclerotic lesion areas to cholesterol levels, and the exceptional ascertainment of our study population prevents direct comparisons with previous studies. What emerges from this study is evidence of association of USF1 with quantitative atherosclerotic phenotypes of arterial wall, the tissue level biological end state resulting in CHD.
The previous studies underline the general influence of USF1 in regulating the expression of critical genes of lipid and glucose metabolism. As a transcription factor regulating the expression of more than 40 cardiovascular related genes 29 involved in lipid metabolism, hemostasis, inflammation, and endothelial function, USF1 could contribute to the development of atherosclerosis and its complications through various pathways. Evidence of these contributions already exists for lipolysis, 4,8 inflammation, 1, 12, 29 and now for calcification from our study and Reiner and colleagues. 12 Variation at the USF1 locus could thus contribute to the increased risk of CHD among FCHL patients by affecting lipid metabolism related pathways, which increase the levels of serum lipids. Another separate pathway leading to an increased risk of CHD could stem from the effect of USF1 on coronary calcification, and suggestive evidence for such separate effect already exists. 12 This separate effect could involve inflammation pathways with markers such as CRP. 14, 31 USF1 variants could also contribute to SCD via factors affecting plaque stability. How exactly the effect of USF1 is related in these different pathways remains to be assessed with further studies, for instance with studies addressing the relationship between the USF1 gene variants and arterial transcript profiles.
In addition to the role of USF1 in various atherosclerosis pathways, its genetic analysis is possibly complicated by other genetic and environmental factors. The effect of USF1 could be cell type-or tissue-specific, involve interaction with other genes, and depend on different hormonal/environmental cues. Some evidence of sex-or age-specific effects of USF1 already exists. 1,10 -13 Further, the influence of genetic variation in USF1 could be more readily observed in subjects with certain pathophysiological condition, such as CHD, diabetes, or obesity. These gene-gene or gene-environmental interactions may explain some of the heterogeneity between previous USF1 studies.
The number of functional genetic variants at the USF1 locus remains also unsolved. The locus could harbor several rare or common variants with distinct effects. Some evidence of the functional role of USF1 variants on the transcript levels of downstream genes already exists from fat biopsy samples. 1, 29 Sequencing of the complete USF1 and neighboring region in large study samples and detailed functional studies would facilitate the identification of the variants of USF1 with functional relevance.
The variant showing the strongest evidence of an association with atherosclerosis and SCD in our study, rs2516839, is located within the 5Ј untranslated region of the first exon of USF1. Although untranslated variants do not alter the amino acid sequence of a protein, they can for instance affect the transcription level of mRNA, splicing patterns, and other posttranscriptional modifications of mRNA, or stability or localization of mRNA in the cell. The effect of rs2516839 and other USF1 variants on such features should be assessed in future functional studies. Rs2516839 could also be a marker for another yet unrecognized functional marker or domain.
Given the high linkage disequilibrium at the USF1 locus and at its surroundings, we cannot exclude the potential contribution of other genetic variants neighboring USF1 to the association signal we observed. Future studies, preferably in populations with reduced linkage disequilibrium at the locus, should assess the relative impact of a large number of variants in an extended chromosomal region. Accordingly, Reiner and colleagues suggested in their USF1 study that "the true susceptibility effect on mortality may be attributable, at least in part, to neighboring polymorphisms in other genes." 12 To conclude, our data provide genetic evidence that specific USF1 alleles would contribute to coronary atherosclerosis. The significance of the role of USF1 in atherosclerotic process was evidenced by data from 2, similarly ascertained, independent autopsy series as well as by the observed association also with aortic lesions. The USF1 gene variant contributing to advanced atherosclerosis also associated with a 2-fold increased risk for SCD, which accounts nowadays for most of the mortality associated with coronary heart disease in the Western world.
